One contribution of 11 to a theme issue 'The regulators of biodiversity in deep time'. The fossil record provides the only direct evidence of temporal trends in biodiversity over evolutionary timescales. Studies of biodiversity using the fossil record are, however, largely limited to discussions of taxonomic and/or morphological diversity. Behavioural and physiological traits that are likely to be under strong selection are largely obscured from the body fossil record. Similar problems exist in modern ecosystems where animals are difficult to access. In this review, we illustrate some of the common conceptual and methodological ground shared between those studying behavioural ecology in deep time and in inaccessible modern ecosystems. We discuss emerging ecogeochemical methods used to explore population connectivity and genetic drift, life-history traits and field metabolic rate and discuss some of the additional problems associated with applying these methods in deep time.
Introduction
Ecogeochemistry is defined as 'the application of geochemical techniques to fundamental questions in population and community ecology' [1] . Ecogeochemical methods and techniques draw ecological information from the spatial distribution of elements and isotopes across time and space, and from biochemical processes that alter the relative concentrations of elements or isotopes compared with the surrounding environment. Ecogeochemical approaches, particularly stable isotope-based methods, are widely adopted in the study of modern animal ecology, and play a central role in reconstructions of food web structure and trophic niches [2, 3] , animal movements [4, 5] and ecological nutrient flux [6] . Ecogeochemical approaches are particularly well suited to reconstructing behavioural and physiological traits; aspects of biodiversity that are otherwise difficult to infer from macrofossils. The geochemical foundations upon which ecogeochemistry as a field has grown were largely laid down by investigators researching archaeological and palaeontological questions, but the difficulty of using chemical methods on altered macrofossil remains, and the ability to draw on large sample sizes in modern systems has restricted the use of emerging ecogeochemical methods and theory to macrofossil remains. There is a mature literature exploring geochemical and ecogeochemical proxies in marine microfossils, largely in support of palaeoclimate and climate-ecological interactions. Here, we restrict our attentions to macrofossil remains, particularly focusing on recovering individual-level ecological traits. With a few notable exceptions, deep time applications are rarely presented at ecogeochemical conferences, and geochemical ecologists are seldom seen at deep time meetings or in the deep time literature. Ironically then, the fields that gave birth to ecogeochemical methods have become somewhat divorced from their use within modern systems and vice versa. This is unfortunate as the power of some ecogeochemical proxies is more easily demonstrated when additional, independently derived supporting data are available. If the techniques that are available to palaeontologists can yield useful (and testable) behavioural insights in modern systems, then their extension into deep time may be more justifiable. Arguably, the bulk of contemporary ecogeochemical methods are based on the stable isotope composition of organic tissues, but at present, whereas organics are increasingly reported from fossils [7] , the chemical integrity of these organics remains uncertain [8, 9] . A rich literature deals with stable isotope diet and palaeodiet studies, and we refer readers to engaging review articles [10, 11] . We therefore focus this study on the recovery of individual-scale behavioural and physiological trait information from the inorganic composition of biomineralized tissues.
To illustrate the common use of ecogeochemical approaches between modern and deep time systems, we focus on modern deep-sea ecosystems. Deep-sea ecology has several parallels with deep time research: direct observation is difficult or impossible, fundamental knowledge gaps exist for almost all aspects of animal biology and ecology, samples are expensive and hard to come by and sampling methods inevitably bias the view of the ecosystem gained. Consequently, the limited information that can be inferred from ecogeochemical proxies is extremely valuable in establishing ecological traits or exploring ecosystem function in this contemporary environment. The marine fossil record also lends itself most readily to collection of large, temporally well constrained and relatively diagenetically unaltered datasets.
Case study area: fish faunas of the continental slope west of the British Isles
The upper and middle reaches (water depths of 500 -2000 m) of continental slopes, seamounts and mid-ocean ridges comprise approximately 15% of the global ocean area and support diverse communities [12, 13] . While much of the continental slopes are relatively unexplored, demersal fish faunas of the northeast Atlantic continental slope have been surveyed extensively [14] [15] [16] [17] , and are among the best known globally. Continental slope communities are strongly structured by depth, and community composition and functional traits vary across depth gradients [18] , providing ecological structure that can be investigated using ecogeochemical methods. 3. Trace element evidence for population structure, connectivity and gene flow
Genetic isolation between populations enhances the potential for variation, speciation and potentially resilience to environmental change. Gene flow is therefore a critical component to understanding and explaining persistence and extinction throughout the fossil record. Unfortunately, direct molecular data are unavailable for most deep time studies, and alternative indirect evidence for gene flow between populations would potentially be extremely valuable. The trace element composition of hard tissues (such as fish otoliths) reflects the chemistry of the ambient water modified to a greater or lesser extent by physiological processes within the animal [19 -22] . Within a population, between-individual variation in trace element compositions at a given age represents a measure of diversity in local water conditions experienced. Cosmopolitan populations moving between locations yield trace element compositions that converge to an average value with no structuring by spatial origin. Geographically isolated populations, by contrast, may be expected to yield relatively homogeneous and statistically distinct trace element compositions (figure 2a,b). Incrementally grown hard tissues provide ontogenetic chemical records, and therefore can be used to reconstruct diversity in life-history traits between species or ecosystems. Trace element variations across otoliths therefore provide a record of water chemistry changes experienced throughout the entire life of the sampled individual, yielding information on location, migration, spawning events and habitat use. Otolith trace element analyses have become a routine component of fish stock identification [25] . Critically, the trace element composition recorded in otoliths and other biominerals reflects both variations in the trace element composition of the water and the physiological condition of the individual. Biological traits such as reproductive status, metabolic rate and somatic growth rate may all influence the trace element composition of biominerals [19] [20] [21] [22] . Consequently, isolated populations may display chemically discrete trace element compositions even when the ambient waters they inhabit are chemically homogeneous. Interpretation of biomineral trace element concentrations therefore requires careful consideration of likely physiological influences. For instance, comparisons across life stages are likely to introduce physiological variability, particularly in Sr/Ca ratios [21, 22, 26] . Matching individuals by species and life stage is highly recommended.
Two ecologically distinct teleost fishes from the northeast Atlantic illustrate the utility of trace element records in reconstructing patterns of population connectivity. The black scabbard fish Aphanopus carbo is a deep-sea predatory trichiurid fish with a wide distribution across the North Atlantic, the Indian and Pacific oceans and on the seamounts and ridges south to about 308N. The early life stages of A. carbo are assumed to be mesopelagic [27] , with a lifestyle that becomes more benthopelagic as the fish grows. In the North Atlantic, A. carbo spawns between the Macaronesian islands [28] , and is believed to conduct large-scale ontogenetic migrations between the Macaronesian islands and the northeast Atlantic [23] . The roundnose grenadier, Coryphaenoides rupestris, is a benthopelagic fish that is found mainly at depths of 600-1800 m along the continental slopes from mainland Europe, Iceland, Greenland and Canada to the southeastern United States and on the mid-Atlantic ridge [24] . C. rupestris grows to greater than 100 cm and feeds predominantly on amphipods and copepods as a juvenile, becoming increasingly piscivorous with size [29, 30] . Trace element compositions have been determined across otoliths from A. carbo and C. rupestris sampled from multiple areas across the northeast Atlantic ( [23, 24] , figure 2c). In A. carbo, for all life stages, a strong overlap in otolith elemental composition is evident across locations, suggesting overall panmixia in this highly mobile deep-sea species. This was supported by microsatellite DNA analyses, indicating a lack of substructure and absence of distinct biological populations, with divergence statistics implying that putative populations are effectively exchanging several hundred or more individuals per generation [23] . By contrast, separate populations of C. rupestris display chemically distinct trace element compositions [24] , implying a lack of connectivity between populations. Chemical distinctiveness between populations increased with life stage in C. rupestris, implying a possible larval dispersal phase of limited geographical extent. The geographical isolation inferred from trace element variability is also supported by neutral microsatellite markers that showed significant population structure across the North Atlantic, and possible current-limited barriers to larval drift [24] . The implication for deep time studies is that in the example above, differences in population connectivity between two sympatric species as inferred from trace element compositions with no a priori knowledge of water column chemistry, was supported by genetic analyses. Individual variation in hard part trace element chemistry may therefore provide evidence for differences in population connectivity in cases where supporting genetic analyses are impossible. Interpretation of trace element data always requires caution, as there are often multiple potential explanations for a given analytical result. Comparisons of elemental variance between species contained in the same assemblage will always provide more robust evidence for differences in behaviour. In the example above, the similarity between population variance in genetic and chemical tracers suggests that patterns of individual movements are sustained at the population scale over multiple generations. In palaeontological examples where time averaging is unavoidable, between-population variance in trace element compositions may be more directly comparable to genetic variance as samples will integrate individual movements over time spans equivalent to multiple generations.
Isoscapes and geolocation
Ecogeochemical tools for reconstructing migration and population connectivity have been enthusiastically embraced by the archaeological community, where the isotopic composition of oxygen and strontium in bones and particularly teeth has been used to infer human and animal movements rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150223 [31] . Many archaeological applications refer the composition of a target individual to that of a presumed local resident (a rodent, for instance). Isotopic differences then indicate immigration from an external region with contrasting geochemistry. By comparing within or between teeth, some indication of life stages at which movement occurred may be recovered [32] . If geographical variation in isotopic composition is known or can be inferred in terms of an isotopic spatial model (an 'isoscape'), then possible origins for an exotic individual can be suggested [33] . Isotopic geolocation has become a common tool in modern, especially avian, ecology [34] . Constructing an isoscape generally involves collection of a large dataset of georeferenced isotope values, together with environmental variables that covary spatially with the isotope of interest. Regression models then link predictor variables to measured isotopes, and spatial interpolation methods such as Kriging are used to create continuous isotopic surfaces [33] . Isoscapes have been constructed for terrestrial and marine environments using several isotope markers determined in a wide range of reference materials. The most widely used isoscapes have been constructed from oxygen and hydrogen isotopes in precipitation [33] , drawing on predictable relationships between the isotopic composition of precipitation and latitude, temperature, elevation and distance from the sea. Isoscapes based on the isotopic composition of carbon in vegetation can be effective over wide bioclimatic provinces, particularly across gradients of C3-and C4-dominated vegetation [35] . In marine systems, the carbon and nitrogen isotopic composition of phytoplankton (and thus zooplankton) varies with temperature, phytoplankton taxonomy and nutrient source, providing predictable isotopic gradients across ocean basins [36] and in restricted shelf seas [37, 38] which can and have been used to infer movements in a variety of marine organisms [4, 39] . Application of modern isoscapes to infer movements in deep time studies depends on temporal stability of the relationship between predictor variables and isotopic values over time, and the quality of available predictor variable information. For instance, modern precipitation isoscapes are widely used to infer geographical location in archaeological remains, based on an assumption that general global hydrology has remained essentially similar. It would clearly be imprudent, however, to attempt to use modern precipitation isoscape models to infer geographical origin in Pleistocene remains where spatial patterns of precipitation and atmospheric temperature are likely to differ significantly from the modern situation and are poorly known. Nonetheless, the fundamental processes controlling spatial variation in precipitation isotopes (temperature-dependent kinetic fractionation of isotopes during phase changes) are constant, so the direction of isotopic variation along latitudinal, altitudinal or continental gradients are predictable, even if the rate of change and absolute isotopic value are not.
Isoscapes based on underlying geology can be used to interpret fossil tissue chemistry and may be more amenable to extension into deep time. A strontium isoscape for the southeastern United States based on modern bedrock, soil and plant data, combined with serial sampling along molar enamel was used to infer migration patterns for individual late Pleistocene proboscideans [40] . More recently, continental-scale strontium isoscapes have been developed, and show promise in large-scale geolocation [41] . Reference isoscapes are considerably harder to construct in deep time studies, and probabilistic geolocation for ancient remains may be beyond the scope for the foreseeable future. Nonetheless, identification of exotic individuals within a palaeocommunity may still provide an indication of spatial connectivity and mixing, especially where there is good evidence to suspect a geochemical spatial gradient. Migration across salinity and altitude gradients are clear examples of where ecogeochemical tools can and have been applied successfully in deep time studies. For example, oxygen isotope analyses have been used to infer freshwater residency in mosasaurs from the Cretaceous of Hungary [42] , and to suggest contrasting migratory behaviours in North American dinosaurs [43, 44] .
Life-history movements within the water column
Migrations are not restricted to lateral movements. Vertical migrations either through the water column, or across altitudinal gradients can leave an isotopic expression in hard tissues. Ocean waters display distinct temperature and salinity gradients, and if temperature and salinity profiles are known or can be inferred, then the isotopic composition of biomineral oxygen can be predicted as a function of depth, and compared with incremental samples of isotope compositions along biomineral growth axes to infer ontogenetic variations in habitat depth [45, 46] . Depth niches have been widely inferred from oxygen isotope compositions in fossil biominerals, primarily supporting palaeoclimate and palaoeoceanograhic reconstruction, and these methods have long been used to infer life-history water column movements in many fossil pelagic organisms, including fishes [47] , ammonites and belemnites [48] . Translation of these methods to modern marine ecosystem applications has been rather restricted, however, despite the advantages that modern ecologists have in terms of knowledge of temperature and salinity gradients in ocean basins, unaltered materials and accessible sample sizes. Where high-quality oceanographic data are available, biomineral oxygen isotope approaches can be used to provide relatively high-resolution views of migration and movement. For example, otolith d
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O values successfully discriminated between three distinct spawning migration pathways in European plaice from the southern North Sea, but only because daily, individual-level records of temperature and inferred salinity where available from data storage tags from the same individuals [49] . Without the accompanying high-resolution environmental data, otolith isotope data could not discriminate between coexisting substocks. One impediment to wider adoption of ecogeochemical methods in modern marine systems is the spatial resolution available compared with alternative tracking methods. Living animals can be tagged, increasingly with data storage or satellite tags, providing fine-scale information about individual movements. In comparison, ecogeochemical approaches to geolocation usually have lower accuracy and precision, and their value lies either in application to large numbers of individuals (cost-effective) or applying to species where direct physical tagging is impossible.
In deep-water systems, direct tagging is impossible, and increasingly ecogeochemical methods pioneered in deep time applications are being extended to modern systems. For instance, ontogenetic records of oxygen isotope compositions recovered from four taxonomically and ecologically diverse species from the northeast Atlantic (a macrourid:
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150223
Coryphaenoides rupestris, a morid: Antimora rostrata, an alepocephalid: Alepocephalus bairdii and a cusk eel: Spectrunculus grandis) are shown in figure 3 . Additional otolith isotope profiles are reported for the orange roughy (Hoplostethus atlanticus) [46] and the black scabbard (Aphanopus carbo) [23] . Among the six species sampled, only A. rostrata has no relatively shallow larval phase. Given the wide taxonomic diversity within the sampled fishes, relatively shallow larval habitats are clearly adaptively successful traits for deep demersal fishes. The duration of the shallower phases varies between taxa. The evolutionary or ecological implications of diversity in life-history depth traits in deep-water fishes is unknown at present, but ecogeochemical methods have an important role in providing primary trait data.
Metabolic rate
An individual's metabolic rate describes and predicts a wide range of ecological traits, and at the broadest level, metabolic rate is implicated in biodiversity as for a given population size, faster metabolic rates presumably correspond to faster genetic mutation rates. Metabolic rate ideally refers to the amount of energy produced by an individual, but operationally, metabolic rate is generally measured indirectly through the amount of oxygen consumed to produce that energy. To many ecologists, metabolic rate is viewed as the pace of life, and as such the fundamental mechanistic descriptor and predictor in ecology [51] . Understandably, metabolic rate and the scaling of metabolic rate with variables such as body size and temperature has received a huge amount of attention over the past 50 years, including in the deep time literature [51 -53] . Most current macroecological studies considering animal metabolic rate explore compilations of species-level measurements of basal metabolic rate. Basal or standard metabolic rate describes the energy consumption required to maintain life processes at standard conditions and is relatively simple to measure in a laboratory. However, ecologists are most interested in the metabolic rate associated with an individual's response to the external environment (i.e. the averaged energetic costs associated with the combined demands of temperature, food availability, foraging and predator evasion costs and reproduction). Total or field metabolic rate varies with the fitness of an individual within its environment and is the most ecologically and evolutionarily relevant measure of metabolic rate [54] . Average field metabolic rate integrated over time is, however, much more challenging to measure directly. In air breathing animals, the doubly labelled water method [55] offers a reasonable proxy for field metabolic rate, but is relatively expensive, requires recapture of the isotopically labelled individuals within an allotted isotopic exclusion time window, and cannot be used in aquatic animals-and of course cannot be used in deep time. Proxies for organism metabolic rate measure either the rate at which oxygen is consumed or carbon dioxide produced during aerobic cellular respiration. Variations in the isotopic composition of respired and environmental carbon offer an alternative proxy for metabolic rate, which is recorded in the isotopic composition of biomineral carbonate and thus applicable to deep time studies. Ecogeochemical proxies for organism field metabolic rate revolve around the proportion of respired carbon present in blood fluids during deposition of biominerals [56] [57] [58] . In fishes, carbon in the blood is derived from dissolved inorganic carbon ingested via the gills and stomach and from carbon released by the cellular respiration of ingested food nutrients. As metabolic energy demands increase, respiration increases and the rate of production of metabolic CO 2 increases, whereas the rates of diffusion of environmental dissolved inorganic carbon (DIC) are relatively unchanged. Consequently, the instantaneous proportion of carbon in the blood that is derived from food increases in parallel with total (field) metabolic rate [59] [60] [61] [62] . In marine environments, the isotopic composition of dissolved inorganic carbonate is relatively homogeneous and by definition has a d 13 C vPDB value close to 0‰. Organic tissue carbon has a much more negative d 13 C vPDB value, typically ranging between ca 230‰ and 220‰. Consequently, while there is some evidence for isotopic fractionation of carbon during membrane transfer [61] , the isotopic composition of carbon in biomineral carbonates in heterotrophic organisms represents a weighted average between the isotopic compositions of the dissolved inorganic and metabolic carbon sources, and increasing metabolic rates will drive biomineral carbon isotopes towards more negative values [59] [60] [61] [62] .
The proportion of metabolic carbon in blood can be estimated from otolith carbon isotope analyses according to values, and specifically the estimated proportion of metabolic carbon in the otolith, correlate broadly with swimming performance as estimated from caudal fin area [41] . The isotopic composition of carbon in biomineral carbonate therefore varies with average field metabolic rate and expresses the realized metabolic response of the individual to the combined physical and ecological conditions experienced. The large isotopic difference between the two carbon sources relative to measurement precision (generally better than 0.2‰) provides a signal large enough to measure using widely available isotope mass spectrometers. As d
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C oto values are a proportional term, relating the amount of metabolic carbon to the total carbon in blood, the metabolic proxy will vary with mass-specific rather than with total metabolic rate. To use d C oto values may still vary predominantly with metabolic rate. Variation in individual field metabolic rate (FMR) may have both genotypic and phenotypic components. Genotypic controls on FMR will be expressed in differences in realized FMR between individuals from differing species or isolated populations. Phenotypic variation may be expressed in differences in life-history trends in FMR between individuals from a common environment; however, the full potential of ecogeochemical proxies for FMR have not yet been realized either in modern or deep time studies. In the following, we use the North Atlantic demersal fish community to illustrate how carbon isotope metabolic proxies may help to explore metabolic diversity within and between individuals. . Data from Chung [50] . (Online version in colour.) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150223 samples of fish muscle was used to estimate d 13 C diet . When corrected for differences in the isotopic composition of diet, otolith-based estimates of FMR still show that benthopelagic foraging fishes have systematically elevated FMR, and the trend of decreasing FMR with depth remains (figure 4b). Metabolic rates are also influenced by body mass, and the influence of mass on estimates of FMR can be explored by scaling FMR estimates. We chose a mass-scaling exponent of 20.25 as a first approximation of likely mass effects on mass-specific FMR [32] . When scaled for body mass, differences between estimated FMR of pelagic and benthic foraging fishes are more complex. Pelagic foraging fishes have higher mass-scaled FMR at depths shallower than ca 1000 m, but in deeper waters, foraging style does not predict differences in FMR (figure 4c). Two hypotheses could explain the depth effect on relative FMR between pelagic and benthic foraging fishes. The visual interaction hypothesis [65, 66] predicts that vision-based predation and predator evasion promotes selection for more active metabolism particularly in pelagic animals. At depths where light cannot penetrate, selection pressure for active metabolism is relaxed, and this relaxation of selective pressure will be expressed more strongly in pelagic foraging animals. Alternatively, resource quality may drive differences in FMR traits between functional groups. Stomach content and stable isotope data show that above ca 1000 m benthopelagic foraging fishes have a cosmopolitan diet containing zooplankton and fishes. Below 1000 m, benthopelagic foraging fishes are increasingly dependent on zooplankton and particularly gelatinous zooplankton with lower energetic content. Thus, the reduction in mass-scaled FMR in benthopelagic foragers at around 1000 m may indicate bottom-up control through reduced energy availability rather than control through predator-prey interactions.
Regardless of the ecological explanation, otolith-based proxies for FMR recover expected trends such as decreases in FMR with depth and therefore temperature, and reveal systematic differences in FMR between functional groups. The chronological properties of biominerals such as otoliths also allow for reconstruction of ontogenetic trends in C oto or reductions in mass-specific FMR. A similar analysis of orange roughy [31] combined metabolic and temperature information from otolith isotopes with increment analyses of growth to demonstrate complex energetic trade-offs during ontogeny, but to date very few studies have combined isotopic and growth analyses from biominerals. There is therefore great untapped potential to extract life-history energetic traits and metabolic diversity from carbonate biominerals, but significant knowledge gaps exist concerning carbon isotope metabolism and the relationship between biomineral metabolic proxies and conventional measurements of metabolic rate such as oxygen consumption.
Using biomineral d
C values as a metabolic proxy in deep time settings presents several methodological problems.
As shown in equation (6.1), ideally estimates of the isotopic composition of carbon in the ambient seawater DIC and in animal diet are needed to estimate the proportion of metabolic carbon in blood. In deep time environments, estimates of d 13 C DIC may be available from abiotic carbonate precipitation. Estimating diet d
C values is potentially more difficult. Original biomineral macromolecules may be retained in fossil shells over deep time, albeit with potential isotopic alteration [67] , and shell macromolecules could, in theory, be used to constrain diet to recover estimates of shell or otolith metabolic rate. However, even where accompanying measures of d C biomineral values in fossil ammonites, belemnites and nautilus often follow these patterns [68, 69] , implying that raw d [70] . Lowresolution ontogenetic records of these subfossil otoliths showed the ontogenetic increases in d
C biomineral values expected as a function of decreasing mass-specific metabolic rate with size. Furthermore, high-resolution sampling of these otoliths reveal intra-annual seasonal cyclicity in d
C biomineral values that both coincided with d
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O records of ambient temperature, and exhibited decreasing amplitude of metabolic excursions with increasing age, as predicted from bioenergetics models of specific respiration. Clearly, in this example, fluctuation in d
13
C biomineral values is almost entirely driven by changes in respiration rate, implying relatively constant isotopic compositions of both diet and DIC carbon. Similar broad ontogenetic trends of rapidly increasing d
C biomineral values with subannual cyclicity super-imposed in the adult portions has been reported in Cretaceous otoliths from the western Interior Seaway [47] . Again, carbon isotope excursions coincide with seasonal fluctuations in otolith d
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O values, implying metabolic responses to either temperature or migration across salinity gradients. Away from otoliths, other well-preserved fossil biomineral carbonates may also be used to compare relative metabolic rates. For example, in a late Jurassic palaeocommunity, fish otoliths record more negative d 13 C values than coexisting ammonite, belemnite or oyster carbonates, suggesting higher metabolic rates in fish compared with the invertebrate taxa [71] . Similarly, in a separate late Jurassic mollusc community, raw d
13
C values covary negatively with inferred temperature, implying a metabolic response to thermal habitat [48] . Where the isotopic composition of diet and DIC cannot be simultaneously determined, interpreting metabolic rate from biomineral carbon isotope compositions will remain uncertain. However, metabolic theory and bioenergetic models provide explicit predictions of the nature of ontogenetic trends in metabolic rates in response to changes in body size and temperature. Recovery of a valid metabolic signal can be rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150223 supported where fossil biomineral d 13 C values vary according to these predicted trends [70] . In these cases, d
13 C values can be used to compare metabolic rates between taxa, or to examine life-history metabolic traits.
Summary: deep time potential and difficulties
To apply the methods outlined above in deep time, three methodological barriers that must be recognized and overcome are imposed by diagenetic change, temporal averaging and physiological variation. (1) Diagenetic change is usually the principle impediment to using ecogeochemical methods in deep time. Biominerals are frequently relatively unstable compared with their geogenic, abiotic counterparts, biominerals often being characterized by relatively high structural disorder, porosity and permeability and consequently large surface areas for chemical exchange [9] . There is a large literature associated with establishing mineralogical elemental and isotopic alterations during biomineral diagenesis [72] [73] [74] . Diagenetic change is inevitable in most burial environments, and quantifying the extent of diagenetic change must always be the first consideration when assessing chemical composition of fossil materials. Trace element-based techniques are more prone to diagenetic alteration than stable isotope-based methods as minor elemental exchange may dramatically influence relatively subtle physiological or geographical signals. Otoliths, for instance, are relatively porous materials likely to be subject to extensive diagenetic overprinting. Relatively little is known about the effects of diagenesis on the trace element or stable isotope composition of otoliths [74] ; however, recovery of intact aragonite mineralogy from well-preserved sediments stretching back to the Jurassic [71] offers hope for an expanded use of otolith ecogeochemistry.
(2) Palaeontological samples usually represent timescales in excess of the lifetimes of the individuals within those samples, and estimates of temporal duration or temporal precision are also large compared with ecological timescales. Where chemical composition and variance between individuals is used as a comparative metric (as in the population connectivity example), environmental conditions experienced in each population must be stable throughout the timescale(s) represented. This assumption may be more easily justified in relatively stable, deep-water environments, with the caveat that organisms adapted to stability may be more sensitive to minor perturbations.
(3) Chemical proxies for biological processes work through the physiological alteration of elemental or isotopic compositions. Comparing between species therefore assumes that physiological mechanisms conferring chemical differences are relatively conserved. Variations in species-level or individual-level physiological influences on biomineral chemistry (often termed 'vital effects') are well-known complications in the palaeoproxy literature. Physiological variation is ecologically relevant and interesting, and we strongly encourage researchers to drop the term 'vital effects', as this term relegates physiology and behaviour to unexplained variance getting in the way of a climate signal. We suggest that more active research into physiological and behavioural influences on hard-part geochemistry may yield more information about individual behaviour that can be applied to both modern and deep time systems.
In summary, ecogeochemical tools provide information on behavioural and physiological traits, and many of these methods can be applied to both modern and deep time studies. In the modern case study described here, geochemical methods reveal differences in population connectivity, and highlight potential mechanisms for these differences in terms of the duration of pelagic larval life stages. Proxies for field metabolic rate are particularly promising given the importance of metabolic rate in establishing fitness, and emerging biomineral chemical proxies for field metabolic rate have shown systematic differences in metabolic traits associated with morphological and behavioural functional groups. Ecogeochemical tools are by definition indirect proxies for physiological and behavioural traits, and as such will usually be less reliable than alternative direct measurements. Consequently, relatively little research has been conducted into the biogeochemical mechanisms underpinning ecogeochemical tools. Deep time researchers currently have more need for proxies for physiological and behavioural traits, but as in the early days of stable isotope-based diet analyses, development of methods for deep time applications will have undoubted application in contemporary ecology.
